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critical determinant of the occurrence and magnitude
of natriuresis. It is possible that volume expansion
suppresses sodium reabsorption in the loop, and that
in the absence of this inhibitory effect the distal
nephron might be capable of reabsorbing the entire
increment of sodium delivered out of the proximal
tubule. On the other hand, volume expansion may
exert no effect on the loop, in which case the pattern
of increased, but incomplete, reabsorption of the
increment would express the intrinsic properties of the
loop as it became progressively saturated by increased
delivery of filtrate.
Conflicting evidence concerning the influence of
volume expansion on sodium reabsorption in the
distal nephron has been obtained by a variety of
investigators utilizing different techniques. On the
basis of clearance studies utilizing C1120 as an index of
sodium reabsorption in the diluting segment, evidence
has been advanced suggesting that massive volume
expansion resulted in less C1120 at any given rate of
delivery than did minor volume expansion [5, 6]. The
conclusion was therefore drawn that volume expansion
suppressed sodium reabsorption in the diluting seg-
ment. Similar conclusions were drawn by Buckalew
et al [7] from studies in hypertensive subjects in whom
the exaggerated excretion of sodium was attributed to
suppression of sodium reabsorption in the loop on the
basis of reduced CH20. The demonstration by Sealey,
Kirshman, and Laragh [8] that the administration of a
partially purified substance, thought to be a natriuretic
hormone, to rats with hereditary diabetes insipidus
reduced C1120 is in accord with this view.
On the other hand, microperfusion of the loop with
and without saline infusion demonstrated no influence
of volume expansion on sodium reabsorption in this
portion of the nephron [9]. This suggests that volume
expansion exerts no inhibitory influence on distal
sodium reabsorption. However, other micropuncture
studies, in which dogs were infused with either albumin
and saline, disclosed that proximal reabsorption was
suppressed to the same extent in both groups, yet only
saline infusion resulted in marked natriuresis [10].
This suggests that the distal nephron is, in fact,
influenced by factors connected with volume expansion.
Finally, Stumpe, Lowitz and Ochwadt [11] have
advanced evidence from micropuncture studies that the
enhanced rejection of sodium associated with elevation
of blood pressure in the rat is attributable to an
inhibitory effect in the ioop.
In view of these conflicting findings the present
study was undertaken to re-examine the influence of
volume expansion on sodium reabsorption in the
diluting segment during water diuresis in the dog. The
use of this model involves two critical assumptions:
first, C1120 is a reasonable index of sodium reabsorption
in the diluting segment; and second, urine flow, V, is
approximately equal to delivery of filtrate to this
segment of the nephron. There are potential sources of
error in both of these assumptions.
One error can result from back-diffusion of water
out of the collecting duct. If this occurs, CH2O is
reduced, not as a result of decreased free-water
formation, but rather because of increased free-water
loss. This can be wrongly interpreted as decreased free-
water formation and hence inhibited sodium re-
absorption in the diluting segment. Back-diffusion of
free-water probably occurs to a small extent, even in
the absence of ADH, but has been assumed to be
relatively constant [5]. If, however, ADH is in-
completely suppressed initially or released during the
course of the experiment, an increased amount of
back-diffusion will occur.
The present studies were designed, therefore, to re-
examine this model, taking care to obtain maximal
water diuresis before beginning the study to insure
suppression of antidiuretic hormone. Moreover, the
studies were kept as short as possible and anesthesia as
light as possible in order to minimize the danger of
release of ADH during the course of the study. The
results disclose that expansion of ECV has no effect on
sodium reabsorption in the diluting segment.
Methods
Fourteen female mongrel dogs, weighing between
10 to 20 kg, were studied. Light pentobarbital anesthesia
(25 mg/kg) was used prior to surgical preparation and
no further anesthesia was given during the course of
the study. Urine was collected from an indwelling
bladder catheter; infusions were given through venous
catheters in the hind limbs. Arterial blood was collected
from the femoral artery through a polyethylene cathe-
ter. Water diuresis was induced by the infusion of
1.5% dextrose into the inferior vena cava to avoid
hemolysis. The use of this solution is in contrast to
previous studies [5, 6] in which 2.5% glucose was used.
We observed in early studies that a significant number
of dogs developed glycosuria with 2.5% glucose, and
the resulting osmotic diuresis would keep the urine
osmolarity high and possibly lower the concentration
of sodium in the filtrate delivered to the distal nephron.
This solution (1.5% dextrose) was infused at 10 ml/min
for 60 to 90 minutes. Once the urine osmolarity was
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less than about 70 mOsm/liter, and glycosuria absent,
infusion solution was changed to 0.45% NaC1 at a rate
equal to the urine flow.
Measurements of glomerular filtration rate were
accomplished by the infusion of a solution of 125J..
iodothalamate in normal saline at 1 mI/mm for one
hour prior to study [12]. At the beginning of the
infusion a priming dose of 10 ml of this solution was
given. The amount of isotope used was calculated to
give a sufficient quantity of counts to insure plasma
values at least 10 times background. Validation of the
use of this isotope for the measurement of GFR has
been presented by others [12].
Three groups of animals prepared in the above
manner were studied. Group I — Non-DOCA-treated
dogs. Once a water diuresis was established, four dogs
were progressively expanded with 0.45% NaC1 at a
rate 5 mi/mm greater than the urine flow until no
further increases in urine flow could be induced.
Group 2 — DOCA-treated dogs. In six dogs, deoxy-
costerosterone acetate (DOCA), 1 mg/kg/day, was
given intramuscularly for 5 days prior to study. The
diet contained 40 mrvi NaCI and was supplemented
with 5 to 10 g of KC1 daily to avoid potassium defi-
ciency. Previous balance studies have shown that on
this diet the administration of DOCA results in the
retention of 150 to 200 mEq of sodium before DOCA
escape occurs. These dogs were then expanded with
hypotonic saline (0.45%) as in Group I. By pre-
treating these animals with DOCA and salt, a greater
degree of volume expansion could be obtained to
facilitate comparison with the non-DOCA treated
dogs. Group 3 — Four non-DOCA-treated dogs were
given hypotonic mannitol (2.5%) at a rate 5 mI/mm
above urine flow once a water diuresis had been
established. Mannitol was used to induce marked
increases in delivery to the diluting segment with only
minor expansion of extracellular volume.
Sodium and potassium in the urine and plasma were
determined on an Instrumentation Laboratory flame
photometer. Urine and plasma osmolarity were
determined on an Advanced Instruments osmometer.
'251-iodothalamate was counted in a Tracerlab gamma
counter.
Calculations. C1120 =V—Cosm, where V is urine flow
(Uosm)(V)in ml/min, and Cosm= . C0 is expressed as
C1120/lOO ml glomerular filtrate in order to compare
data from animals with different glomerular filtration
rates. We have usually employed V as an index of
delivery to the diluting segment. However, to correct
for the presence of non-reabsorbable solute, such as
mannitol, in the volume of filtrate delivered to the
diluting segment the following expression was used:
delivery (CNa+ C1120), where CNa = UNaV/PNa. Frac-
tional delivery =!± Eii x 100.
Results
A typical experiment on a non-DOCA-treated dog
is shown in Table 1. The results of all four experiments
are plotted in Fig. 1 and are represented by the closed
circles. Fractional free water clearance, the index of
sodium reabsorption, is plotted on the vertical axis.
Fractional delivery to the distal nephron is plotted on
the horizontal axis (CNa+ CH2O/IOO ml GFR). It can
be seen that sodium reabsorption in the distal nephron
is nearly complete until fractional delivery exceeds
about 15% of the GFR, as is indicated by the proximity
of the points to the diagonal line which represents the
theoretical line of 100% reabsorption of sodium.
Table 2 shows a typical experiment on a massively
expanded dog pretreated with DOCA. The open
circles in Fig. 1 represent the data obtained from all
6 experiments in this group. Note that where the data
from DOCA and non-DOCA-treated dogs overlap,
there is no difference in fractional CH2O formation at
any given fractional delivery. It was also observed that
delivery could be increased to a greater extent in these
massively expanded animals as compared with the
non-DOCA-treated animals. This has previously been
observed by us [5], and probably results from aug-
mented volume suppression of sodium reabsorption
in the proximal tubule.
Table 3 shows a typical experiment on an animal in
which delivery to the distal nephron was increased with
minor volume expansion by the administration of
hypotonic mannitol. In Fig. 2 the data from all
4 animals in this group, represented by the crosses, are
compared with the DOCA-treated dogs expanded with
hypotonic saline (open circles). Again, no differences in
fractional C1120 were observed between the groups at
any given fractional delivery of filtrate to the diluting
nephron. It is also evident that in both groups, until
delivery increased to values above 15% of the filtered
load, sodium reabsorption was nearly complete.
Beyond this point, there is a tendency for the points to
deviate from the line of complete reabsorption,
although no true maximal level of fractional C1120 was
attained.
22 Barton et a!.
Table 1
Effect of progressive volume
Time
mm
GFR V U0
mi/mm mi/mm mOsm/liter
Cosm
mi/mm
C1120
mi/mm
UNaV
pEq/min
UKV
pEq/min
—130—30 1.5% dextrose at 10 mI/mm
—30—0 0.4% sodium chloride at 5 mI/mm
0—5 51 4.8 65 1.2 3.6 9.6 36
15—20 52 4.6 64 1.1 3.5 9.2 34.5
20—80 Increase 0.4% NaCI to 12 mI/mm
80—85 57 5.8 56 1.3 4.5 11.6 34.8
90—95 56 7.2 45 1.3 5.9 18 32.4
95—140 Increase 0.4% NaC1 to 15 mI/mm
140—145 57 7.8 42 1.3 6.5 23.4 27.3
160—165 55 7.8 40 1.2 6.6 23.4 27.3
165—200 Increase 0.4% NaC1 to 20 mI/mm
200—205 56 8.4 38 1.3 7.1 29.4 25.2
220—225 56 8.4 37 1.2 7.2 25.2 25.2
12
(CNa + C1120)
100 ml GFR
Fig. 1. Comparison of C1120 at varying rates of delivery in dogs
with normal and over-expanded extracellular fluid volume.
Discussion
The results obtained in the present studies are
different from those reported earlier by Eknoyan et a!.
[5] and Stein et a!. [6]. Both of these studies showed
that volume expansion resulted in a lower C20 at any
given rate of delivery when compared with non-
expanded animals whose deliveries were increased with
hypotonic saline [5] or mannitol [6].
Fig. 2. Comparison of CH20 at varying rates of delivery in dogs
given mannitol and dogs with over-expanded extracellular fluid
volume.
The discrepancy between the present work and that
cited above could be due to several factors resulting
from the use of this model. According to the counter-
current theory, the ascending limb of Henle's loop is
always water impermeable, whereas the distal tubule
and collecting duct are relatively water impermeable if
antidiuretic hormone is absent. The use of fractional
C1120 excretion as the index of sodium reabsorption in
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CNa
GFR
%
Y
GFR
%
CH2O
GFR
%
CNa + CH2O
GFR
%
-
Plasma
Osm
niOsm/liter
Na
mEq/liter
K
mEq/liter
0.15
0.14
9.4
8.9
7
6.8
7.15
6.94
252
257
123
124
2.5
2.5
0.17
0.26
10.3
12.9
8
10.5
8.17
10.76
256
253
124
124
2.6
2.9
0.33
0.35
13.6
14.3
11.3
12.1
11.63
12.45
252
252
123
124
3.1
3.2
0.42
0.36
15
14.9
12.7
12.8
13.12
13.16
255
253
124
124
3.2
3.3
the distal nephron assumes that the back-diffusion of
water out of the collecting duct is small in the absence
of ADH, and at present it is not possible to quantitate
the degree of this back-diffusion. However, if in-
complete suppression of ADH or the release of ADH
occurs during the experiment, this back-diffusion
would be greatly enhanced. Free water clearance would
be reduced under these circumstances, not as a result of
decreased formation, but rather because of increased
loss. To minimize this, the present studies were not
started until the urinary osmolarity was below 72
mOsm/liter (range: 36 to 72 mOsm/liter). In the work
of Stein et al. [6] and Eknoyan et al. [5], the Uosm at
the beginning of the experimental protocol given was
higher. In addition, it is possible that prolonged
anesthesia could be associated with the release of
ADH, causing a decrease in C1120 in the latter stages of
the study. To avoid this, light anesthesia was used and
the experiments kept to less than 6 hours in all instances.
Another potential source of error could result from
the use of 2.5% glucose to induce a water diuresis, as
was done in the previous studies [5, 6]. This was
observed to cause glycosuria in a significant number of
animals in our preliminary studies. If this occurs, and
if urine flow is used as the index of delivery of filtrate
to the distal nephron, the osmotic diuresis could limit
sodium reabsorption and result in an over-estimation
of the delivery of sodium-containing filtrate. To
avoid this in the present studies, 1.5% glucose was
used and the urine repeatedly checked for glucose. In
addition, since all sodium delivered out of the proximal
nephron will appear in the final urine as either CH2O or
CNa, the use of C1120 + CNa will be a more accurate
method than urine flow in estimating the delivery of
sodium to the distal nephron [6]. It should be pointed
out that this calculation does not take into account
that fraction of sodium delivered to the distal nephron
and exchanged for potassium. In the present studies,
however, potassium excretion ranged from 20 to
70sEq/min which would contribute only 0.3 to 0.5 ml!
mm to the calculated delivery rates and would have no
qualitative effect on the results.
When these possible sources of error are avoided, it
was observed that in the three experimental conditions
studied, namely normal (non-DOCA-treated) dogs
given hypotonic saline, dogs with prior extracellular
volume expansion (DOCA-treated) given hypotonic
saline, and dogs with high rates of tubular flow and
less volume expansion (mannitol), no differences in
fractional free-water excretion could be demonstrated
at any given delivery of filtrate to the distal nephron.
The term distal nephron in this context refers to the
point in the water-impermeable segment beyond which
the urine becomes isotonic to plasma and will include
part of the ascending limb of Henle's loop, the distal
tubule and cortical collecting duct.
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Table 2
Effect of progressive volume
Time
miii
GFR V Uosm
mi/mm mi/mm mOsm/liter
C0
mi/mm
CH20
mi/mm
UNaV UKV
pEq/min pEq/mmn
—150—70 1.5% dextroseat9ml/min
—70—0 0.45 % sodium chloride at 8 mI/mm
0—5 55 12.8 64 3.0 9.8 236.8 57.6
5—20 0.45% NaCI to 17 mI/mm
15—20 48 11.6 71 3.1 8.5 249.4 63.8
35—40 54 13.6 73 3.7 9.9 319.6 74.8
40—55 Inciease 0.45% NaCl to 19 mI/mm
55—60 50 12.8 66 3.1 9.7 262.4 70.4
75—80 50 13.6 70 3.5 10.1 306.0 70
Table 3
Effect of progressive
Time GFR V Uosm Cosm CH2O UNaV UKV
mm mi/mm mi/mu, unOsm/liter mi/mm mi/mu pEq/mmn pEq/min
—150—95 1.5% dextrose at lOml/min
—95 —0 0.45 % sodium chloride at 7 ml/min
0—5 45 3.6 63 0.8 2.8 9 21.6
5—10 46 3.8 57 0.8 3.0 7.6 20.9
10—25 2.5% mannitol at 9 mI/mm
25—30 48 6.2 69 1.6 4.6 13.7 18.6
30—50 Increase 2.5% mannitol to 12 mI/mm
50—55 42 9 95 3.1 5.9 61.2 40.5
55 —65 Increase 2.5% mannitol to 14 mI/mm
65—70 40 11.6 114 4.8 6.8 185.6 52.2
70—80 Increase 2.5 % mannitol to 17 mI/mm
80—85 40 15.6 135 7.7 7.9 397.8 62.4
85— 105 Increase 2.5% mannitol to 21 mi/mm
105—110 43 19 148 10.3 8.7 579.5 66.5
The comparison between dogs given hypotonic
saline on a background of expansion of extracellular
volume with DOCA (Group II) and dogs given
hypotonic mannitol (Group III) is particularly critical
(Fig. 2). In both groups sodium excretion rose to
comparable high levels (5 to 1 5% of filtered sodium).
Yet extracellular volume was only minimally expanded
in the mannitol group and greatly overexpanded in the
DOCA-treated group. Nevertheless, as Fig. 2 indicates,
C20 at any given rate of delivery was the same in both
groups. Recent micropuncture studies using micro-
perfusion techniques are in accord with the present
data [9]. We therefore conclude, on the basis of CH2O
studies, that expansion of ECV with hypotonic saline
does not inhibit sodium reabsorption in the distal
nephron. The curves displayed in Figures 1 and 2 can
expansion in DOCA-treated dog
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x 100 x 100
0 /00/ 0
CH2O >< iüoGFR
00/
(CNa+CH2O)
GFR
zO0/
< ioo Plasma
Osm
mOsm/liter
Na
mEq/liter
K
mEq/liter
3.3 23.4 17.9 21.2 270 131 2.9
4.0 24.3
4.5 25.4
17.8
18.5
21.8
23
270
270
132
132
3.2
3.3
4.0 25.7
4.7 27.4
19.5
20.3
23.5
25
272
270
132
131
3.3
3.4
mannitol loading
- X 100 < 100
% %
-- <
%
(Cra+ CH2O)dk
%
< 100 Plasma
K
mEq/liter
Osm
mOsm/liter
Na
mEq/liter
0.15 7.9
0.12 8.2
6.2
6.5
6.4
6.6
276
275
134
133
2.2
2.2
0.22 12.9 9.6 9.8 275 130 2.2
1.2 21.6 14.1 15.3 276 128 2.1
3.9 29.4 17.2 21.1 274 122 1.9
8.2 39 19.8 28 274 121 1.9
12.0 44.6 20.4 32.4 272 113 2.2
be regarded as disclosing the intrinsic reabsorptive
properties of the distal nephron as a function of
increasing delivery of filtrate.
It is evident that until delivery to the distal nephron
is fairly massive, most of the sodium is reabsorbed.
When fractional delivery exceeds 15% there is evidence
of partial saturation of the reabsorptive capacity so
that large amounts of sodium escape into the urine.
These properties of the distal nephron afford an
explanation for the comparatively minor increase in
sodium excretion despite marked suppression of
proximal reabsorption.
These studies suggest that the diluting segment
plays no regulatory role in the control of sodium
excretion. Presumably, the regulatory effects are
mediated by the influence of ECV volume in deter-
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mining reabsorption in the proximal tubule and
aldosterone in the very distal portions of the nephron.
On the other hand, we recognize that the model of
CH20 as an index of sodium reabsorption in the
diluting segment is relatively crude and may be
unable to detect small regulatory adjustments which
could be very critical for normal homeostasis.
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